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Aims Diabetes may promote myocardial extracellular matrix (ECM) expansion that increases vulnerability. We hypothesized
that: (i) type 2 diabetes would be associated with quantitative cardiovascular magnetic resonance (CMR) measures of
myocardial ECM expansion, i.e. extracellular volume fraction (ECV); (i) medications blocking the renin—angiotensin—al-
dosterone system (RAAS) would be associated with lower ECV; and (jii) ECV in diabetic individuals would be associated
with mortality and/or incident hospitalization for heart failure.

Methods and We enrolled 1176 consecutive patients referred for CMR without amyloidosis and computed ECV from measures of the

results haematocritand myocardial and blood T1 pre-and post-contrast. Linear regression modelled ECV; Cox regression mod-
elled mortality and/or hospitalization for heart failure. Diabetic individuals (n = 231) had higher median ECV than those
without diabetes (n = 945): 30.2% (IQR: 26.9-32.7) vs. 28.1% (IQR: 25.9—-31.0), respectively, P < 0.001). Diabetes
remained associated with higher ECV in models adjusting for demographics, comorbidities, and medications
(P < 0.001). Renin—angiotensin—aldosterone system blockade was associated with lower ECV (P = 0.028) in multivari-
able linear models. Over a median of 1.3 years (IQR: 0.8—1.9), 38 diabetic individuals had events (21 incident hospitaliza-
tions for heart failure; 24 deaths), and ECV was associated with these events (HR: 1.52, 95% Cl: 1.21—-1.89 per 3% ECV
increase) in multivariable Cox regression models.

Conclusion Diabetes is associated with increased ECV. Extracellular volume fraction detects amelioration of ECM expansion asso-
ciated with RAAS blockade, and is associated with mortality and/or incident hospitalization for heart failure in diabetic
individuals. Extracellular matrix expansion may be an important intermediate phenotype in diabetic individuals that is de-
tectable and treatable.

Keywords MRI e extracellular matrix e fibrosis e collagen e diabetes e extracellular volume fraction
Introduction incident heart failure. Individuals with diabetes experience worse
. outcomes for endpoints such as heart failure,’ sudden cardiac
Type 2 diabetes mellitus may promote changes in the myocardial - death,? and myocardial infarction (l"ll)3 (which is particularly lethal
extracellular matrix (ECM) that are associated with mortality and : in the setting of diabetes). Mechanisms underlying this vulnerability
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are complex and incompletely understood, and ‘diabetic cardiomy-
opathy’ requires further characterization. Extracellular matrix expan-
sion may contribute to these adverse events since it is linked with
mechanical dysfunction,* vasomotor dysfunction,” arrhythmia,® and
mortality.” Furthermore, pre-existing ECM expansion may also di-
minish tolerance to ischaemicinsults.? Extracellular matrix expansion
may therefore indicate ‘vulnerable myocardium’. Because ECM ex-
pansion in humans is treatable [ e.g. inhibitors of the renin—angioten-
sin—aldosterone system (RAAS)]>”~"" and represents a therapeutic
target, quantifying ECM expansion may ultimately provide a founda-
tion to improve care in diabetic individuals through targeted treat-
ment. Yet, prior studies have yielded conflicting results regarding
the relation between diabetes and ECM expansion.'>'?

Novel cardiovascular magnetic resonance (CMR) techniques
permit investigation of the relationship between diabetes, ECM ex-
pansion, and outcomes. Cardiovascular magnetic resonance employ-
ing gadolinium contrast (Gd) can quantify ECM expansion by
measuring the extracellular volume fraction (ECV) based on (i) T1
measures of blood and myocardium before and after Gd and (ii)
the haematocrit.™ Extracellular matrix expansion appears to result
mostly from the accumulation of excess collagen in the interstitium
in the absence of confounding conditions (e.g. oedema or
amyloid),“‘14 and Gd tracks thin strands of collagen in the ECM
with high fidelity." Extracellular volume fraction can non-invasively
detect and quantify the full spectrum of ECM expansion in
humans, and ECV is reproducible between CMR scans.'®"”

The specific aims were to examine the relationship between dia-
betes and ECM expansion in non-infarcted myocardium, examine
whether ECM expansion was related to RAAS inhibitor use, and
then examine outcomes in those with diabetes. We studied a large
clinical cohort of consecutive patients referred for CMR. We
hypothesized that: (i) diabetes would be associated with ECV in mul-
tivariable linear regression models; (i) RAAS inhibitors, e.g.
angiotensin-converting enzyme inhibitors or receptor blockers,
and aldosterone antagonists would be associated with lower ECV
in multivariable linear regression models; and (i) ECV in diabetic indi-
viduals would be associated with subsequent mortality and/or inci-
dent heart failure admission in Cox regression models.

Methods

Patient population

After ethics committee protocol approval that complied with the Declar-
ation of Helsinki, we recruited 1386 adult patients referred for clinical
CMR at the UPMC CMR Center at the time of CMR (representing
~95% of all patients scanned.) This cohort was formed to examine
whether novel CMR measures of ECM expansion are associated with
patient outcomes. Inclusion criteria were written informed consent
and completion of a Gd enhanced CMR scan which required a glomerular
filtration rate >30 mL/min/1.7 m?, and no other contraindications to
CMR. Exclusion criteria were: (i) known or suspected cardiac amyloid-
osis (n = 18), a unique disorder that markedly expands the interstitium
independent of myocardial fibrosis (unpublished data), (ii) hypertrophic
cardiomyopathy (n = 61),a genetic disorder with distinct clinical charac-
teristics, (iii) type 1 diabetes (n = 4) as defined in the clinical chart, and (iv)
adult congenital heart disease (n = 127). To maximize generalizability,
we included those with Ml since Ml size can vary greatly and since we

measured ECV specifically in remote non-infarcted myocardium avoiding
even the area at risk. Extracellular matrix expansion in the myocardium
remote from the infarction is an important feature of ischaemic cardio-
myopathy.'* 8

The final cohort included 1176 patients. Diabetic status and other co-
morbidity data were determined at the time of CMR scanning according
to the medical record, as these were used for medical decision making.
Study data were collected and managed using REDCap (Research Elec-
tronic Data Capture) electronic data capture tools hosted at the University
of Pittsburgh."® Vital status was ascertained by Social Security Death Index
queries and medical record review. Incident heart failure admission was
identified by medical record review which used the same definition as
prior epidemiological studies.”° Incident heart failure admission required
physician documentation and: (i) documented symptoms (e.g. shortness
of breath, fatigue, orthopnoea) and physical signs (e.g. oedema, rales) con-
sistent with HF; (i) supporting clinical findings (e.g. pulmonary oedema
on chest X-ray); or (iii) therapy for HF, including diuretics, digitalis,
angiotensin-converting enzyme inhibitors, or beta-blockers.”

Cardiovascular magnetic resonance scans

Cine cardiovascular magnetic resonance

Patients received clinical CMR scans by dedicated CMR technologists
with a 1.5 Tesla Siemens Magnetom Espree (Siemens Medical Solutions,
Erlangen, Germany) and a 32 channel phased array cardiovascular coil.
The exam included standard breath held segmented cine imaging with
steady-state free precession (SSFP). Left ventricular dimensions, myocar-
dial mass (indexed to body surface area), left ventricular volume indices,
and ejection fraction (EF) were measured without geometric assump-
tions from short-axis stacks of end-diastolic and end-systolic cine
frames by experienced readers (two cardiologists and three radiologists).

Late gadolinium enhancement

Late gadolinium enhancement (LGE) imaging was performed 10 min
aftera 0.2 mmol/kg i.v. gadoteridol bolus (Prohance, Bracco Diagnostics,
Princeton, NJ, USA). To optimize LGE, we used a phase sensitive inver-
sion recovery pulse sequence to increase signal-to-noise ratios, correct
for surface coil intensity variation, and render signal intensity proportion-
alto T1 recovery.2 When patients could not breath hold or had arrhyth-
mia, single-shot SSFP, motion corrected, averaged PSIR images were
acquired.”” Myocardial infarction size was measured blinded to clinical
data as described previously.”?

Quantification of the extracellular volume
fraction

We employed methods described previously that yield reproducible
ECV measures of ECM expansion in non-infarcted myocardium after a
gadolinium bolus with minimal variation related to heart rate or time
elapsed following the bolus.”'®*** We validated T1 measures using
an ECG-gated single-shot-modified Look Locker inversion recovery se-
quence against CuSO4 phantoms with physiological T1 and T2 values for
the myocardium and blood.”"® We did not exclude foci of non-infarcted
scar on LGE images (i.e. atypical of Ml) from quantitative ECV measures
acquired in non-infarcted myocardium’ which would bias ECV measures.
We did not want spatial variation of ECM expansion (the key feature
which renders it detectable on LGE images) to confound its quantifica-
tion, especially since ECM expansion exists as a continuum, from focal
to diffuse.” Moreover LGE for quantifying fibrosis/ECM expansion in non-
infarcted myocardium is not well validated, and established LGE method-
ologies are lacking. Extracellular volume fraction has more rigorous
validation for that purpose.""” For ECV measures, we excluded the
myocardium in the vicinity of infarcted, edematous,26 or stunned
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Table I Patient characteristics (n = 1176)

Variable

Diabetes (n = 231)
frequency,

n (%) or median
(inter-quartile range)

No diabetes (n = 945)
frequency, n (%) or median
(inter-quartile range)

P-value

Demographics
Age (years)
Female (%)
White race (%)
Black race (%)

General indication for CMR exam (%)

Known or suspected cardiomyopathy

Possible coronary disease/viability/vasodilator stress testing

Evaluation for arrhythmia substrate
Known or suspected mass or thrombus

Syncope evaluation

Comorbidity (%)
Hypertension
Dyslipidaemia
Current cigarette smoking
Atrial fibrillation or flutter
Hospitalized status

Coronary vessels with known stenosis>70% (>50% for left main) documented by angiography (%)

0

1

2

3 or left main involvement
Prior coronary revascularization
Prior stroke
Acute myocardial infarction
Weight (kg)
Body mass index (kg/m?)

<0.001 for trend

Medications (%)
ACEI, ARB, or aldosterone antagonists
Beta-blockers
Aspirin or other antiplatelet
Loop diuretics
Statin medication

Laboratory and CMR characteristics
Creatinine (mg/dL)
Glomerular filtration rate (mL/min/1.73 m?)
Haematocrit (%)
Ejection fraction (%)
Left ventricular mass index (g/m?)
End-diastolic volume index (mL/m?)
Non-ischaemic scar evident on LGE images (%)

Myocardial infarction evident on LGE images

Myocardial infarction size (% of left ventricular mass in those
with Ml; n = 71 for diabetes; n = 98 for no diabetes) (%)

61 (54-70) 53 (40-64)
81 (35) 401 (42)
197 (85) 837 (89)
28 (12) 74 (8)
107 (46) 386 (41)
128 (55) 331 (35)
46 (20) 287 (30)
703) 47 (5)
703) 41 (4)
197 (85) 365 (39)
153 (66) 273 (29)
42 (18) 134 (14)
20 (9) 78 (8)
101 (44) 240 (25)
161 (70) 836 (88)
25 (11) 49 (5)
11 (5) 30 3)
34 (15) 30 3)
76 (33) 129 (14)
17 (7) 38 (4)
25 (11) 42 (4)
97 (82-115) 83 (69-98)
31 (28-38) 27. (24-32)
146 (63) 335 (35)
157 (68) 402 (43)
162 (70) 384 (41)
76 (33) 165 (17)
151 (65) 282 (30)
10 (0.8-13) 09 (0.8-1.1)
75 (58-92) 90 (74-94)
37 (32-40) 40 (36-43)
54 (39-63) 58 (47-64)
63 (54-76) 56 (46—70)
80 (65-104) 81 (68-97)
60 (26) 203 (21)
83 (36) 153 (16)

12% (5-23)

13% (4-27)
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myocardium and traced the middle third of the myocardium to avoid
partial volume effects. We identified Ml when LGE involving the subendo-
cardium in a coronary distribution, a strategy that yields sensitivities and
specificities >90% for M| detection.

We quantified ECM expansion with the ECV as described
pr‘eviously:7'12'14'27

ECV = A(1 — haematocrit),

where N = [AR7yocardium] / [ARTbioodpoot] Pre- and post-Gd (where
R1 = 1/T1). Each ECV measurement for a short-axis slice location was
derived from a single pre-contrast and post-contrast T1 occurring after
clinical LGEimages (usually 20 min after the contrast bolus). Haematocrit
measures were acquired on the day of scanning. We averaged ECV mea-
sures from basal and mid-ventricular short-axis slices to yield the final
measurement. Apical slices were avoided due to concerns of error
related to partial volume averaging.®®

Statistical analysis

Categorical variables were summarized as percentages, and continuous
variables were summarized as median and inter-quartile range. Statistical
tests were two-sided, and P < 0.05 was considered significant. Chi
square (x?) tests (or Fisher exact tests) compared categorical variables.
Wilcoxon rank sum tests compared continuous variables, since some
continuous variables exhibited skewed distributions on visual inspection,
and the Shapiro Wilk test indicated non-normal distributions. Linear re-
gression models measured the association between quantitative ECV and
other variables; variance inflation factors <2 excluded collinearity. Sur-
vival analysis employed the log-rank test and Cox regression where x*
data indicated strength of association between baseline covariates and
outcomes. The number of events limited the number of covariates to
permit roughly 10 events per covariate variable to prevent model over-
fitting, and stratification permitted further adjustment without increasing
degrees of freedom. Proportional hazards assumptions were verified by
non-significant time interaction terms for ECV. Statistical analyses were
performed using SAS 9.2 (Cary, NC, USA).

Results

Patient characteristics

Baseline characteristics are summarized in Table 1. Diabetic indivi-
duals (n = 231) were older and had a higher burden of comorbidity
and disease severity than those without diabetes (n = 945), including
greater weight, lower haematocrit, and worse renal function. Among
those with diabetes, 97 (41%) were treated with oral hypoglycaemic
medication, and 125 (54%) treated with insulin. We did not measure
glycosylated haemoglobin (HbA1C) at baseline; in those with avail-
able HbA1C, median HbA1C was 7.1% (IQR: 6.5-8.5%, n = 118).

Associations between diabetes and
extracellular volume fraction

Comorbidities and treatment did not explain the relationship
between diabetes and ECV. Diabetic individuals had higher median
ECV than those without diabetes: 30.2% (IQR: 26.9-32.7) vs.
28.1% (IQR: 25.9-31.0), respectively, P < 0.001) as shown in
Figure 1. Diabetes remained significantly associated with ECV in multi-
variable linear regression models with extensive risk adjustment
(Table 2). This relationship persisted even when limiting the analysis
to those with preserved EF, and those without MI, known obstructive
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Figure | Frequency histograms of myocardial extracellular
volume fraction indicate higher extracellular volume fraction in
those with diabetes. The shapes of the distributions are similar,
but the histogram for diabetic individuals is shifted rightward
towards higher extracellular volume fraction.

Table 2 In univariable and multivariable linear
regression models, diabetes is consistently associated
with ECV (the myocardial extracellular volume
fraction), a quantitative measure of myocardial
extracellular matrix expansion

B P-value Model n Exclusions

137 <0.001  Univariable 176 —
126 <0.001 Multivariable 1179 —
125 0.002  Multivariable 818 EF < 50%

1.29 0.004 Multivariable 728 EF < 50%, myocardial
infarction

1.61 <0.001 Multivariable 693 EF < 50%, myocardial
infarction, coronary
disease shown by prior
angiography (stenosis
>70, or >50% for left
main)

140 <0.006 Multivariable 574 EF < 50%, myocardial
infarction, coronary
disease shown by prior
angiography (stenosis
>70, or >50% for left
main), late gadolinium
enhancement

Multivariable models adjusted for age, gender, race, current smoking, prior smoking,
hypertension, glomerular filtration rate, left ventricular ejection fraction (EF),
myocardial infarction size (per cent of left ventricular mass), left ventricular mass
index, number of known diseased coronary arteries, known beta-blocker use, and
use of any medications that block the renin—angiotensin—aldosterone system
(RAAS). Separate models were also created after serially excluding those with EF
<50%, myocardial infarction by CMR, or known coronary disease by prior coronary
angiography

coronary artery disease documented by prior angiography, or LGE
(Table 2). We found no relation between HbA1C and ECV in those
in whom HbA1C data were available.
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Diabetes, extracellular volume fraction,
and outcomes

Extracellular volume fraction was associated with adverse outcomes
in diabetic individuals. Over a median of 1.3 years (IQR: 0.8—-1.9),
there were 24 deaths and 21 incident heart failure admissions
among diabetic individuals (38 events total since some experienced
both). Extracellular volume fraction was significantly associated
with; (i) the combined endpoint of death or incident heart failure ad-
mission; (i) incident heart failure admission while censoring for death;
or (iii) all-cause mortality. The Kaplan—Meier curves are shown in
Figure 2. Extracellular volume fraction remained associated with
events in diabetic individuals in multivariable Cox regression
models as shown in Table 3. We obtained similar survival analysis
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results when excluding the 35 surviving individuals (15%) who did
not follow-up at our institution after CMR scanning. We found
similar associations in those without diabetes.

To illustrate the prognostic ability of ECV, we compared it separ-
ately against (i) EF, or (ii) non-ischaemic scar on LGE images in
simple Cox regression models, with only ECV and EF/non-ischaemic
scar as covariates. Using x* values to quantify strength of associ-
ation, ECV surpassed EF or non-ischaemic scar in prognostic
ability (Supplementary material online, Table 1-3). There was no
interaction between ECV and EF or between ECV and non-
ischaemic scar. In the full cohort, there was no interaction
between diabetes and ECV for death or incident heart failure admis-
sion (P =0.77).

Individuals without diabetes

hospitalization for heart failure
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Figure 2 In231individuals with diabetes and 945 individuals without diabetes, extracellular matrix expansion in myocardium quantified by extra-
cellular volume fraction is associated with increased risks of: death or heart failure admission (top panel); heart failure admission ignoring or censoring
for death (middle panel); or all-cause mortality (lower panel). Event rates were higher for those with diabetes. The numbers of events are shown in

Table 3.
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Table3 Myocardial extracellular volume fraction is similarly associated with adverse outcomes in those with and without

diabetes in multivariable Cox regression models

Individuals with diabetes
(n=1231)

Outcome Hazard ratio for

every 3% increase

in ECV (95% CI)

Mortality or incident hospitalization 38
for heart failure

152 (1.21-1.89)

Incident hospitalization for heart 21 1.35 (1.01-1.80)
failure (censoring for death)
Mortality 24 1.56 (1.19-2.06)

Individuals without diabetes

(n = 945)
Events (n) Hazard ratio for Risk adjustment (after
every 3% increase stratification by gender
in ECV (95% CI) and hospitalization status)
56 146 (1.25-1.71) Ejection fraction, age, Ml size
25 1.48 (1.19-1.85) Ejection fraction
39 1.54 (1.30-1.82) Ejection fraction, Ml size

To prevent over-fitting of the models while employing identical risk adjustment, the number of covariates was constrained by the number of events for the smaller subgroup with
diabetes. Models stratified by gender and hospitalization status. ECV hazard ratios reflect 3% increments, where ECV ranged from 22—47% for those with diabetes and 18—48% for

those without diabetes.

Blockade of the renin-angiotensin—
aldosterone system and extracellular
volume fraction

In the entire cohort, there was no significant difference in the median
ECV between those taking agents to block the RAAS and those who
did not (28.6 vs. 28.2%, P = 0.07). Since use of agents to suppress
RAAS is reserved for those with higher disease severity where
ECM expansion is expected to be higher, we adjusted for important
baseline differences in potential confounders to address this
bias. RAAS blockade was then significantly associated with lower
ECV (B —0.6, P=0.028) in the multivariable linear regression
model adjusting for baseline differences: age, gender, race, smoking,
diabetes, hypertension, dyslipidaemia, glomerular filtration rate, left
ventricular EF, Ml size (per cent of left ventricular mass), coronary
disease severity (the number of coronary arteries with stenoses) left
ventricular mass index, and beta-blocker use.

Discussion

Our data from a large, consecutive cohort of patients referred for
CMR indicate that ECM expansion quantified by ECV may play a
role in the vulnerability associated with diabetes. The principal find-
ings demonstrate for the first time that: (i) diabetes is associated
with higher ECV; (i) increased ECV is associated with mortality
and/or incident heart failure admission in individuals with diabetes
after adjusting for baseline differences in EF and other parameters;
(iii) ECM expansion measured by ECV appeared to be ameliorated
with inhibition of the RAAS. Extracellular matrix expansion may be
an important intermediate phenotype in diabetic individuals that is
detectable by ECV and treatable.

Several studies support the concept that ECM expansion may con-
tribute to adverse outcomes in the setting of diabetes. First, glucose
stimulates human cardiac myofibroblast proliferation in vitro,
therefore linking diabetes to cells responsible for ECM expansion
and myocardial fibrosis.”” Second, subclinical cardiac dysfunction in
diabetic people also appears associated with ECM expansion®'33°
and mortality.>" Third, RAAS inhibition reduces myocardial fibrosis

in serial biopsies of human myocardium culminating in improved
vasomotor® and diastolic function.” " Fourth, large trials of RAAS
inhibition yield improved survival in those with diabetes, irrespective
ofblood pressure effects even in the absence of heart failure.>? Those
with heart failure appear to benefit most from RAAS inhibition if
there is underlying ECM expansion from myocardial fibrosis.>> The
myocardium may have less tolerance of vascular or ischaemic
insults in the presence of myocardial fibrosis and ECM expansion.®
Given priorassociations of ECM expansion with mechanical dysfunc-

%1834 yasomotor dysfunction,” arrhythmia,® and mortality®” our

tion,
data further support the concept that ECM expansion represents an
important intermediate phenotype in diabetes.

Importantly, the adverse effects of increased collagen are modifi-
able with regression of the collagen volume fraction after treatment
with ACE inhibitors,5'9 angiotensin receptor blockers,11 and min-
eralocorticoid antagonists'° in humans, as assessed by serial myocar-
dial biopsy specimens. Yet, the degree of regression of the collagen
volume fraction with these agents appears quite modest in these
studies, limited to ~20% relative change and 1% absolute change
over 10 months of treatment on average. Our data showing modestly
lower ECV inthose with RAAS inhibition agree well with prior biopsy
data. Together, these findings suggest an opportunity for more
potent agents currently under development to be more efficacious
for both regressing ECM expansion and improving outcomes. Still,
the association between RAAS inhibition and lower ECV should be
confirmed in a prospective trial.

Despite the median follow-up of 1.3 years and limited events, we
still obtained significant results suggesting that ECV functions well
as a risk stratifier. Similar associations were obtained for those
without diabetes. From the viewpoint of the clinician, stratifying
short-term risks even if the events are limited remains important.

Like many imaging parameters, further work with larger multicen-
tre cohorts is needed to demonstrate the extent to which quantita-
tive CMR measures of ECM expansion stratify risk in individuals and
guide clinical care as a therapeutic target to initiate treatment and
track response. Trials and effectiveness data showing the benefits
of CMR guided care are limited. Nonetheless, early results showing
robust diagnostic and prognostic ability of ECV are promising.
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Myocardial tissue characterization appears to be a relevant
pursuit. Given the strong prognostic ability of ECV on par with EF,
ECV merits further investigation (Supplementary material online,
Table 1-3).

Limitations

Our study has limitations. First, our observational data come from a
referred sample in a single centre, not a population study, so our
results may not generalize, and we may not have adjusted for all con-
founders. Still, ECM expansion cannot otherwise be identified clinic-
ally and ECV measures were not available at the time of referral to
bias referring clinicians. To maximize generalizability, we prospect-
ively enrolled large numbers of consecutive patients and minimized
exclusions. Still, certain subgroups such as acute Ml patients were
not well represented [e.g. 6% (67/1176)], and generalizability to
this subgroup is uncertain. Second, we did not quantify ECV in all
myocardial segments. Nonetheless, we typically measured fibrosis
in 12 of 17 myocardial segments provided they did not contain MI.
Despite any imperfections in ECV measurement which would likely
obscure relationships with outcomes, we still obtained significant
results. Third, the effect of the RAAS blockade on ECV was analysed
in a cross-sectional evaluation but not in a longitudinal follow-up
study, but our results are consistent with serial human myocardial
biopsy data.>”"° Fourth, risk adjustment was limited with potentially
unmeasured confounders. Yet, we obtained consistent relationships
between ECV and outcomes in Cox regression models. Finally, the
mechanism of death was not clear in sufficient numbers to permit in-
ference about how ECM expansion may have affected cause of death
(e.g. heart failure or malignant arrhythmia). Still, adjudication for
cause of death can be challenging, controversial, and biased,
whereas all-cause mortality remains objective and inherently rele-
vant. We believe cardiac causes are likely in our sample that was
enriched with heart disease which also remains prevalent in the
general population. We also did not examine other relevant out-
comes such as coronary events (infarction and revascularization).

Conclusion

Diabetes is associated with myocardial ECM expansion quantified by
the ECV. Extracellular volume fraction detects reductions in ECM ex-
pansion associated with RAAS inhibition. Extracellular matrix expan-
sion in diabetic individuals is associated with mortality and incident
heart failure admission. Extracellular matrix expansion may be anim-
portant intermediate phenotype in diabetic individuals that is treat-
able and detectable non-invasively. Further work is needed to
advance understanding of the causes, consequences, and treatment
of ECM expansion and understand how measurement of ECV may
improve care.

Supplementary material

Supplementary material is available at European Heart Journal online.
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